CYP17A1 gene encodes the cytochrome P450 enzyme CYP17A1, a key enzyme involved in steroid metabolism. A single nucleotide polymorphism (SNP) near CYP17A1, rs11191548, showed significant association with hypertension in European adults. However, this association has not been demonstrated in children thus far. Additionally, the role of CYP17A1 in elevating blood pressure (BP) is unclear. We investigated the association of rs11191548 with hypertension in Chinese children. A total of 3422 children participated in the study, including 1009 children with elevated BP (EBP, including prehypertension and hypertension) and 2413 children with normal BP. SNP rs11191548 was associated with systolic BP (SBP) (CC vs TT: P ¼ 4.8 Â 10 28--0.77, P ¼ 0.003) in girls, but there was no statistically significant association between the SNP and diastolic BP in boys or girls. Our results also showed that rs11191548 was more significantly associated with SBP and EBP in obese girls than in girls of normal weight. Our study indicated that the SNP rs11191548, near CYP17A1, was associated with EBP in children. Moreover, we found a sex-specific effect of rs11191548 on SBP in Chinese children. Further studies are necessary to clarify the association between this CYP17A1 polymorphism and BP.
INTRODUCTION
Hypertension is a major public health problem in most parts of the world, including China. 1, 2 Epidemiological studies suggest there is a strong association between hypertension and cardiovascular disease. 3 Obesity is an independent risk factor for hypertension. 4 Childhood obesity strongly predisposes to adult hypertension, 5 and obese children are at a higher risk for hypertension than nonobese children. 6 Alterations in renal sodium reabsorption, pressure natriuresis and sympathetic nervous system activity may contribute to obesity-related hypertension. 7 Both obesity and hypertension are complex multifactorial and polygenic disorders influenced by the interactions of genes (that is, polygenic predisposition) and environmental (triggering and suppressing) factors. 8, 9 CYP17A1 gene encodes the cytochrome P450 enzyme CYP17A1 (also known as P450c17), which has both hydroxylase and lyase activities. 10 CYP17A1 catalyses the hydroxylation of pregnenolone and progesterone to 17a-OH-pregnenolone and 17a-OH-progesterone, respectively, which are involved in the biosynthesis of cortisol, 11, 12 a type of glucocorticoid. Glucocorticoids influence sodium levels in the kidney. 13 The 17,20 lyase activity of CYP17A1 that catalyses the conversion of 17-hydroxypregnenolone to dehydroepiandrosterone has a key role in sex hormone production. 12 CYP17A1 deficiency, which results from a mutation in CYP17A1, usually causes severe hypertension and hypokalemia in males. 14 The single nucleotide polymorphism (SNP) rs11191548, located near CYP17A1, showed a significant association with hypertension in European adults. 15 The SNP is near the 3 0 noncoding region of the gene CYP17A1 and is not located in the introns or extrons of the gene. Three genotypes of the SNP are TT, TC and CC. The positive association was confirmed in Japanese and Chinese adults, 16, 17 but had not yet been demonstrated in children of Chinese ancestry.
Given the differences in the genetic and environmental factors contributing to essential hypertension in different populations, it is important to explore this association in a Chinese population. Therefore, we investigated the association of rs11191548 with the risk of hypertension in Chinese children available from a population-based study of the Beijing Child and Adolescent Metabolic Syndrome study. 18 We tested rs11191548 for an association with systolic blood pressure (SBP) and diastolic BP (DBP), as continuous traits, and with the risk of elevated BP (EBP) as a dichotomised trait.
METHODS

Study participants
Subjects were recruited from the Beijing Child and Adolescent Metabolic Syndrome study, a cross-sectional population-based survey carried out in 2004. 18 The survey included a questionnaire, medical examination, anthropometric measurement and finger capillary blood test administered to a representative sample (n ¼ 19 593, 50% boys) of children from Beijing schools, who were aged 6 --18 years in 2004. The anthropometric measurements included weight and height. Pubertal development was assessed by Tanner stage of breast development (girls) and testicle volume (boys). 19 From the larger cross-section group of 19 593 children, a subset of 1039 children with EBP (including pre-hypertension and hypertension) and 2470 children with normal BP were randomly selected as cases and controls. EBP and normal BP were diagnosed using BP reference cutoffs for Chinese children and adolescents (see Supplementary File 1A) . 20 Venipuncture blood samples were collected. 3422 subjects (1009 EBP cases and 2413 normal BP controls) were included in the data analysis; missing data were due to body mass index (n ¼ 14) and SNP rs11191548 genotypes (n ¼ 73). Among 3422 participants, 1200, 644 and 1578 participants were classified as obese, overweight and normal weight, respectively, based on the Chinese age-and sex-specific body mass index cutoffs (see Supplementary File 1B). 21 Written informed consent, completed by parents or guardians, was obtained from all participants. The Beijing Child and Adolescent Metabolic Syndrome study was approved by the ethics committees of the Capital Institute of Pediatrics.
Measurement of anthropometric parameters and BP
Height without shoes was measured to the nearest 0.1 cm using wallmounted stadiometers. Body weight while wearing underwear and no shoes was measured to the nearest 0.1 kg using beam scales with a maximum weight of 140 kg. Body mass index was calculated as weight in kg divided by the square of height in meters. After a rest period of 5 min, BP was measured by auscultation using a standard clinical sphygmomanometer. Measurements were taken on the right arm in a sitting position with the elbow at the level of the right atrium, using an appropriately sized cuff. SBP was determined by the onset of the 'tapping' Korotkoff sounds (K1) and DBP was determined by the fourth Korotkoff sound (K4). Three consecutive measurements were performed and the mean of the three readings was used for analysis.
Genotyping
Genomic DNA was isolated from peripheral white blood cells using the salt fractionation method. Genotyping of rs11191548 was conducted using the TaqMan 22 Allelic Discrimination Assay with the GeneAmp 7900 Sequence Detection System (Applied Biosystems, Foster City, CA, USA), with the TaqMan probe (prob ID: C_31979323_10). The genotyping call rate for the SNP was greater than 98%. To validate the accuracy of genotyping, we repeated 70 randomly chosen samples and observed 100% concordance between the results of the two tests. We also sent 30 samples to direct sequencing and observed 100% concordance between two genotyping methods.
Statistical analysis
Continuous variables are presented as the mean±s.d., and differences between groups were assessed by Student's t-test or ANOVA. Categorical variables are presented as percentages, and differences between groups were assessed by the Chi-square test. Hardy --Weinberg equilibrium was also assessed by the Chi-square test. The raw data on SBP and DBP were converted to standardised deviation scores (SDS), based on data from eleven large-scale BP surveys conducted in China since 2001, 20 using the LMS Pro software. These were standardised to the reference population for the child's age and sex. 23 Odds ratios (ORs) and 95% confidence intervals (CIs) for EBP were calculated, stratified by sex and weight status using binary logistic regression with genotypes, age and pubertal stage as the independent variables under co-dominant, additive, dominant, recessive models, respectively. To correct for multiple comparisons, the false discovery rate (0.05 as criteria) approach was used. 24 False discovery rate was applied for boys and girls, five genetic models (homogeneous codominant, heterogeneous co-dominant, additive, dominant and recessive), two weight-status groups (normal weight and obesity) and three BP measures (SBP, DBP and EBP) simultaneously (number of tests: ( Table 2: 20) þ (Table 3 : 10) þ (Table 4 : 20) þ (Table 5 : 20) ¼ 70). The power calculation was performed using Quanto software (http://hydra.usc.edu/gxe/). Our study had greater than 80% power (based on enrollment of 1039 EBP patients) to detect an OR of 1.2 for EBP under an additive model, assuming a significance of 0.05, a minor allele frequency of 0.222 and a hypertension prevalence of 10% in school-age children in Beijing. Data were analysed using SPSS, version 13.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
The general characteristics of the study participants are summarized in Table 1 . The SNP rs11191548 was in Hardy --Weinberg equilibrium in each group (P40.05).
No significant association of rs11191548 with SBP and DBP in the total population was found (data not shown). Moreover, considering the sex differences in Table 1 , we investigated these associations in boys and girls separately. Table 2 shows the association of rs11191548 with SBP and DBP under different genetic models. There was a statistically significant association of rs11191548 with SBP (CC vs TT: P ¼ 4.8 Â 10 À4 ; additive model: P ¼ 0.002; dominant model: P ¼ 0.011; recessive model: P ¼ 0.001) in girls, but not in boys (P40.05 for all four genetic models) ( Table 2 ). However, no significant association was found for DBP in either girls or boys (P40.05 for all four genetic models). The results for testing for an association between rs11191548 and SBP-SDS and DBP-SDS under different genetic models are presented in Supplementary File 2. Table 1 . Basic characteristics of study participants Table 3 shows the association of rs11191548 with EBP. The SNP rs11191548 was significantly associated with EBP (CC vs TT: OR ¼ 0.43, 95% CI 0. As obesity is a risk factor for hypertension, we also tested rs11191548 for an association with SBP and EBP, stratifying by weight (Tables 4 and 5 The effect of CYP17A1 on blood pressure L Wu et al DISCUSSION Childhood and adult obesity is a major health concern worldwide. Many studies have shown that obesity strongly predisposes a child to obesity and hypertension as an adult. 5, 6, 25 Through intervention during childhood, it may be possible to prevent adult obesity and hypertension. 5, 25, 26 A recent genome-wide association study reported that the SNP rs11191548, which is located near CYP17A1, was associated with BP in European adults, 15 a result that was subsequently confirmed in Asian adult populations, including Japanese and Chinese adults. 16, 17 Our study is the first study conducted in Chinese children. We have demonstrated not only the associations with SBP and EBP but also that these associations depend on sex. As different definitions of high BP were applied in the previous studies and in our study, it is not possible to directly compare the SNP effect size between the studies. However, our positive results in girls were consistent with the both the initial finding in Europeans and the adult Asian studies.
The endoplasmic reticulum cytochrome P450 enzyme CYP17A has a key role in the biosynthesis of steroid hormones, such as adrenal and gonadal steroids. 11, 27 Several studies showed that the SNP rs743572 in CYP17A1 appears to be associated with a reduced risk of endometrial cancer, 27, 28 but there is some evidence that this SNP increases risk of non-Hodgkin lymphoma. 29 In the present study, we investigated the effects of rs11191548 in Chinese children. There was a significant association of the rs11191548 with SBP and EBP in girls. Our results also showed that the mean DBP of TT and TC genotypes are higher than that of CC in girls, but this effect did not reach statistical significance. Indicates that the P-value remains significant after controlling for FDR. Studies with a greater sample size are needed to clarify the association. The emergence of differences in the association of rs11191548 with SBP and EBP in boys and girls suggests sex hormones might influence BP. The impact of the variant T allele on BP was more strongly evident in obese girls than in girls of normal weight, suggesting that obesity increases the susceptibility to the effects of rs11191548. The inconsistent results might be caused by differences between the sexes. We previously demonstrated that adipocytokine levels were correlated with obesity in children. 30 The adipocytokines probably mediate the relationship between obesity and the role of CYP17A1 in elevating BP, although further studies are needed to test this hypothesis.
Several limitations should be noted. First, the case --control study design did not allow for a causality to be conclusively established. Second, the sex hormone levels in blood across different genotypes of boys and girls were not directly measured in this study, which impeded the examination of whether the sexspecific associations with BP were due to sex hormone levels. However, pubertal stage based on breast development in girls and testicular volume in boys was assessed based on the Tanner stage criteria. 19 After stratification by pubertal stage (prepuberty was defined as Tanner breast I stage for girls or testicular volume o4 ml for boys, and puberty was defined as Tanner breast II --V stages for girls or testicular volume X4 ml for boys), a significant association was only observed in girls at puberty. The association was not significant for boys in either prepuberty or puberty (Supplementary File 3) , which suggested that the hormone estrogen might underlie the association between the rs11191548 polymorphism and elevated risk of EBP among girls. Third, only one SNP in CYP17A1 was investigated in this study, so it is unclear whether the identified association is specifically due to rs11191548 or due to another variant in tight linkage disequilibrium with rs11191548. Fourth, the prevalence of overweight and obesity in our population is much higher than that in the general Chinese children. 31 Therefore, the conclusion should be cautiously expanded to the general population and further studies are necessary to confirm our findings.
Conclusions
In conclusion, the present study supports the involvement of a SNP located near CYP17A1 (rs11191548) in the regulation of BP. It is the first study to show a sex-specific effect of rs11191548 on SBP in children. Moreover, we also found that rs11191548 was more significantly associated with SBP and EBP in obese girls than in girls of normal weight. The investigation of additional variants in CYP17A1 with a greater sample size will further the understanding of these associations. In addition, mechanistic investigation is also needed to clarify the effects of CYP17A1 on BP and its role in the pathogenesis of hypertension.
What is known about this topic
The recent genome-wide association study suggested that the polymorphism near CYP17A1 gene, rs11191548, was significantly associated with hypertension risk in European adults. The positive association was confirmed in Japanese and Chinese adults, but has not yet been demonstrated in children of Chinese ancestry.
What this study adds
The polymorphism rs11191548, near CYP17A1, was associated with systolic blood pressure and elevated blood pressure, including prehypertension and hypertension, in female children rather than male children. The polymorphism rs11191548 was more significantly associated with systolic blood pressure and elevated blood pressure in obese girls than in girls of normal weight.
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